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Unimolecular dissociations of 1omized aliphatic alcohols
have been mvestigated by several experunental and theore-
tical methods. 1t 1s mteresting that loss of H dominates mn the
dissociations of methanol and ethanol cations while loss of
H-O dommates in 1-propanol and 1-butanol cation reac-
tions.”* Recently. the dissociation mechanisms of ethanol®
and l-propanol’ cations have been proposed. The latter can
1somerize to ‘CH-CH-CH-OH»™ wia a five-centered transi-
tion state, which 1s the rate-detemuning step n the H»O loss
channel.” The "CH-CH-CH-OH-" radical cation can undergo
further 1somerization reactions to form i1on-dipole com-
plexes such as ¢-C3Hg™ «+-H-O prior to the loss of H-O. In
our recent report.” we showed that the kinetic energy release
(KER) 1n the umimolecular (metastable) dissociation of 1-
propanol cation. occurring on a microsecond time scale. 1s
determmed 1 the final stage of the dissociation event.
Namely. the rate and KER m the dissociation of 1-propanol
cation are determined at different elementary steps. Compar-
ed to the l-propanol cation reaction. on the other hand. the
detailed mechanism for the loss of H:O from the l-butanol
catton has not been proposed vet. Shao et al” studied the
dissociation using photoelectron  photolon cowmcidence
(PEPICO) spectroscopy and suggested that the 2-butene and
methylcvclopropane cations are produced by the H-O loss.
McAdoo and Hudson® demonstrated that the H-O loss
occwrs Vi several ion-dipole complexes. In the present
work. the KER distribution (KERD) m the H-O loss from
the metastable 1-butanol cation has been investigated using
mass-analyzed ion kinetic energy (MITKE) spectrometry ®
We compare the expenmental result with statistical phase
space theory (PST) *!” calculations to obtain insight into the
dissociation mechanisni.

Experimental Section

A double-focusing mass spectrometer with reverse geo-
metry (VG ZAB-E) was used. 1-Butanol was introduced to
the 10n source via a septum 1nlet to undergo 70 eV electron
ionization. The 1on sowrce temperature was mawmtamed at
150 and the generated ions were accelerated to 8 keV. MIKE
spectrometry™'’ was used to observe the unimolecular dis-
sociation of the metastable 1-butanol cation. The molecular
1on was mass selected by the magnetic sector and the
translational kinetic energy of a product 1on generated m the
second field-free region (2™ FFR) of the mstrument was
analvzed by the electric sector. To unprove the quality of a
MIKE spectrum. signal averagmg was carmed out over

repetitive scans. The best grade of l-butanol (Aldrich) was
used without further purification.

Results and Discussion

The H-O loss was the only channel m the metastable
dissociation of -butanol 1on. The MIKE spectrum for the
H-O loss 1s shown m Figure la. The method to evaluate
KERD from a MIKE profile is well established.”” Figure b
shows KERD obtamed by analyzing the profile m Figure la.
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Figure 1. (a) The MIKE profile for the water loss from metastable
1-butanol cation generated by electron ionization. (b) KERDs tor
the water loss from metastable 1-butanol cation. The experimental
result evaluated for the profile mn (a) 1s shown as the closed circles.
The PST calculation results for the productions of 1-butene, 2-
butene, and methyleyclopropane cations are shown as dotted,
dashed, and dash-dotted curves, respectively. The synthesized
theoretical KERDs (see text tor details) are almost the same as the
solid curve
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In the PEPICO study by Shao et al..” the TOF spectrum for
the H:O loss was interpreted by mvoking the two-compo-
nent decay scheme of the precursor signal. Namely. two
exponential decay functions were needed for analyzing the
time decay data. The fast rate constant was too fast to be
measured with the instrument (7.e.. > 5 x 10° 571, while the
slow rate constant was reported to be varied from 0.33 x 10°
to 0.70 x 10° s~ depending on the ion internal energy. This
suggests that there are at least two different dissociation
channels. The primary isomerization steps are competitive
whereas one of the followed steps is the slowest comrespond-
ing to the rate-determining step. They proposed the follow-
ing mechanism.

Chlyc-C5tl H,0 hCH C:H™ + 1,0

k,/' 3ec+Cyls"*aae HyO == CHyeorCiH;™ + Hy

1-C.HOH™
O &
N Z-CdHa‘.“‘ HZO —_ 2'C4Hx-. + H;O

The experimental result by Shao et al. could be well explain-
ed by assuming of &z << &) and k4>> £:. They concluded that
the fast and slow components are due to the productions of
2-butene and methyleyclopropane cations. respectively.
Then. their branching ratio will be determined by 4> and 1.
There are. however. two other possible products among
CsHs" isomers: l-butene and cyclobutane cations. The
methylpropene cation can be ruled out because it is gener-
ally accepted that the methy1 shift does not occur in the loss
of H20 from l-butanol cation. The thermochemical data'*
of the related species are listed in Table 1. The cis-2-butene
cation is 5 kJ mol™' less stable than its trans-conformer and
only the frans-conformer will be mentioned here. Since the
onset for the H-O loss was determined as 0.19 eV above the
ionization energy of 1-butanol by the PEPICO experiment.
the production of cyclobutane cation by loss of H:O can be
ruled out considering its endoergicity of 43 kJ mol™' (0.47
eV). Since the Il-butene cation is more stable than the
methylcyelopropane cation. its formation is possible by loss
of H-O. The relevant question is whether it 1s possible to
identify which CsHs™ i1somers are produced by analvzing
KERD in the metastable dissociation. as in the case of 1-
propanol cation.”

Table 1. Enthalpies of formation (kJ mel™) of 1-butanol cation and
1ts products

AH 08 7 A
1-butanol®™ 696 717
1-C Hs™ 924 942 (-14)
Trans-2-C Hs™ 866 884 (=72)
CHa-c-CsHs™ 938 934 (-2)
c-CyHs™ 983 1001 (43)
H:O -241.83 -238.92¢

“Ret.13. !'Except tor H-O. the conversions from 298 to 0 K were
calculated with the frequencies calculated at the BILYP/6-31G(d) level
of the density fimetional theory. The caleulations were performed with
the Gaussian 03 suite of programs (ref. 14). The values in the
parentheses are the reaction enthalpies tor the H20 loss.

Notes

It 1s well known that KERD n a dissociation of poly-
atomic ions can be well predicted through statistical PST by
assuming an orbiting transition state (OTS) when the reverse
barrier is negligible. For theoretical evaluation of KERD in
the H-O loss the following formalism was used:'”!!

E-FEy-T
TS E) [ p(E= B = T= B P(T E)Ey
Rm (1)

where n(7.J.E) is the distribution of KER (7) at the angular
momentum J and the internal energy E, p and P are the
product vibrational and angular momentum state densities,
respectively. Ex is the product rotational energy. Eyn is its
minimum, and £, is the reaction critical energy. The root-
mean-square average J (57) evaluated at the ion source
temperature (150 °C) was used. It is assumed that OTS is
located at the maxunum of the effective potential determined
by each orbital angular momentum and the Langevin poten-
tial.”" The calculation method had previously been described
in detail.”

One of the parameters needed in the PST calculation is the
mternal energy of the l-butanol cation undergoing the
metastable dissociation. Since the dissociation rate constant
was faster than 5x 10° s7' at the appearance energy of
C4Hs™ in the PEPICO experiment. we assume that the onset
energy (0.19 eV) 1s the internal energy undergoing the
metastable dissociation. Then, the available energies for the
production of 1- and 2-butene, and methyleyclopropane
cations by loss of H-O are 0.34, 0.94_ and 0.21 eV. respec-
tively. The PST calculations were carried out using the
molecular parameters'™!” listed in Table 2. As in the case of
l-propanol cation,’ it is assumed that KER is determined at

Table 2. Molecular parameters used in the PST KERD calculations

Vibrational frequency (em™)

80, 194, 249, 293, 420, 624, 783, 834, 904, 969,

993, 1013, 1063, 1190, 1228, 1288, 1304, 1376,

1424, 1447 1457 1505, 2651, 2951, 2978, 3024,

3049, 3033, 3036, 3133

Trans-2-C,Hg™ ¢ 123, 124, 132, 273, 471, 739, 745, 823, 873, 934,
1006, 1109, 1171, 1234, 1276, 1308, 1309, 1372,
1378, 1421, 1432, 1331, 2860), 2868, 2881, 2884,
3048, 3048, 3039, 3068

]_Csth(:

CH;-c-CiHs™ 7 172, 231, 359, 402, 586, 696, 748, 841, 924, 934,
943, 994, 1117, 1146, 1166, 1198, 1329, 1353,
1393, 1426, 1447, 1467, 2851, 2970, 2993, 30123,
3032, 3074, 3084, 3154
H.0* 1595, 3652, 3756
Rotational trequency (cm™)
1-C4Hs*" ¢ 0.931 0.130 0123
Trans-2-C;Hs" 1.13 0.124 0116
CH;-¢-C3Hs™7 0.523 0.191 0172
H.0* 278 14.5 9.28
Polarizability (107* em’)
H.O° 1.45

“Calculated at the B3LYP/6-31G(d) level of the density functional
theorv. Vibrational frequencies were scaled by 0.9614. (ref. 15). 'Ref. 16.
‘Ret. 17.
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the final dissociation step, which 1s probably the H-O depar-
ture from an ion-dipole complex. C4Hg™" ---H:O. The result-
ant KERDs are compared with the experimental equivalent
in Figure 1b. No theoretical distribution can fit the experi-
mental one. indicating that the observed KERD is due to
more than one dissociation channels. Without considering
the production of 2-butene cation. the large KER portion
(>0.2 eV) of the experimental KERD cannot be fitted. which
strongly suggests that the 2-butene cation is one of the
product ions in the metastable dissociation. One or both of
the L-butene and methvleyclopropane cations can be the
other candidate(s) contributing to the metastable dissocia-
tion. To fit the experimental KERD. we synthesized the
theoretical KERD by the following formula:

() = Zfin(D) 2

where #;(7) 15 KERD for the production of l-butene. 2-
butene-. or methylcyvclopropane cations. and £ is its fraction.
The best-fit synthesized KERDs are almost the same as the
solid curve shown in Figure 1b. Ignoring the production of
methylevelopropane cation. the best ratio of the production
of 1- and 2-butene cations is 3.0 : 2.0. Ignoring the produc-
tion of 1-butene cation. the best ratio of the production of
methyleyclopropane and 2-butene cations is 2.0 : 3.0. Consi-
dering all three products. the best ratio of the productions of
1-butene. methyleyvclopropane. and 2-butene cations is 1.0 :
1.0 : 2.0. Since the production of 2-butene cation is ener-
getically most favorable. it occurs much faster than that of
the others. which agrees with the conclusion of the afore-
mentioned PEPICO study. The 1-butene cation. however. as
well as the methylevclopropane cation. may be the product
corresponding to the slow dissociation observed by the
PEPICO experiment. However. the KERD analysis present-
ed here cannot resolve the identity of the second product ion.
Determination of the theoretical potential energy surface for
the H~O loss will be helpful to identify the dissociation
products detected in the present study and the previous
experiments. Such determination is currently being investi-
gated in this laboratory. It is to be noted that the present
estimation of the branching ratios is based on the assumption
that the KERDs are well described by PST. In addition. the
internal energy undergoing the metastable dissociation was
estimated from the PEPICO and liferature thermochemical
data. Therefore. the branching ratios obtained here can be
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erroneous quantitatively.

In conclusion, the present results show that the loss of H-O
from metastable 1-butanol cation is due to the production of
2-butene cation and one or both of l-butene and methyl-
cyclopropane cations. Despite the rate constant of the
production of 2-butene cation being larger than 5 x 10% s~
near the threshold. 1t 1s noteworthy that some of the reactions
can oceur in the 2% FFR where the metastable dissociation is
detected at tens of microseconds after the generation of the
molecular ions. Such reactions can be detected only when
the fraction of the slow dissociation channel (the production
of 1-butene and/or methylcyclopropane cations) is very
small in the primary competitive isomerization steps. To
ensure good agreement of theoretical and experimental
KERDs. we suggest that the final exit channels. probably
simple H-O departures from ion-dipole complexes. occur
statistically without considerable reverse barriers.
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